On the origin of the two-dimensional electron gas at AlGaN/GaN heterojunctions and its influence on recessedgate metal-insulator-semiconductor high electron mobility transistors J. Appl. Phys. 116, 134506 (2014) The surface of the AlGaN barrier layer in AlGaN/GaN high electron mobility transistors has strong and hitherto unexplained effects on transistor characteristics. Indeed, it has been cited as the source of the two-dimensional electron gas at the AlGaN/GaN interface. Using computational methods based on density functional theory, we investigate surface reconstructions on realistic GaN and AlN ͑0001͒ surfaces, which are invariably oxidized. Numerous structures with different oxide coverage and different stoichiometry are examined, and their stability is interpreted in terms of driving mechanisms such as the electron counting rule and oxide-stoichiometry matching. We discuss which structures are likely to form under a variety of oxidation conditions, and show that these structures explain the observed dependence of electron density on thickness and variations in surface barrier height.
I. INTRODUCTION
AlGaN/GaN heterojunctions and the associated high electron mobility transistors ͑HEMTs͒ have been intensively studied for more than a decade due to their promising applications in high-power and high-frequency electronic and optoelectronic devices. 1, 2 Envisioned improvements, including the realization of normally-off HEMTs, are currently hindered by the lack of control over the two-dimensional electron gas ͑2DEG͒ at the AlGaN/GaN interface. Surface donor states on the AlGaN surface are by now widely accepted as the source of the 2DEG; [3] [4] [5] [6] [7] [8] [9] [10] however, the microscopic origin of these states has remained unclear.
The role of surface donor states in the development of the 2DEG at an AlGaN/GaN interface is illustrated in Fig. 1 . Experimentally, the relevant surface donor states were found to have energies in the upper half of the band gap. Such states, if occupied, can contribute electrons to the 2DEG. However, their presence also precludes fabrication of normally-off devices. While the experimental studies agree on the presence of surface states with donor character, differences exist in the reported characteristics of these states or in the surface barrier height e B ͓the energy difference between surface Fermi level and AlGaN conduction-band minimum ͑CBM͔͒. A number of studies 3, 4, 6, 11 found e B to be fixed as a function of AlGaN barrier thickness, which would be consistent with the density of surface states being high so that transfer of electrons from the surface states to the 2DEG causes only a small shift in the Fermi level. For instance, Ibbetson et al. 3 identified the position of surface donor levels at 1.65 eV below the CBM for Al 0.34 Ga 0.66 N. Other papers, however, have reported that e B varies with AlGaN thickness, 8, 10 e.g., changing from 1.1 to 1.8 eV with increasing Al 0. 35 Ga 0.65 N thickness. 8 In order to gain better control over the devices, a microscopic understanding of the origin of these surface states is essential.
First-principles studies have reported that reconstructions of the bare surfaces [12] [13] [14] [15] [16] all obey the electron counting ͑EC͒ rule, 17 which specifies that surface states arising from Al or Ga dangling bonds ͑DB͒ should be unoccupied. Indeed, such DBs give rise to states in the upper part of the band gap, and their occupation would be energetically unfavorable. Bare surfaces therefore do not have any occupied surface donor states in the required energy range to explain the charging of the 2DEG. It is well known, however, that once exposed to air, nitride surfaces easily oxidize, which will give rise to entirely new surface reconstructions. Experiments have indeed suggested a possible relation between oxidation and the origin of the 2DEG. 18, 19 Oxidation has been found to have a variety of effects on the atomic and electronic structure of nitride surfaces. [19] [20] [21] [22] [23] GaN grown by molecular beam epitaxy ͑MBE͒ and terminated by a Ga bilayer was found to form an disordered oxide layer when exposed to O 2 at room temperature, 19 but to form a ͑partially͒ ordered structure at 550°C. 23 The former exhibited surface states extending to the middle of the gap, whereas the latter had a surface band gap close to that of GaN. On these MBE-grown surfaces, the observed saturation a͒ Electronic mail: miaoms@engineering.ucsb.edu. ͑Ref. 3͒ The slope in the AlGaN layer is determined by the polarization discontinuity between GaN and AlGaN. In ͑a͒ the AlGaN barrier thickness is less than the critical thickness, and the surface donors cannot supply electrons to the 2DEG. In ͑b͒ the AlGaN thickness exceeds the critical thickness and the surface donors are filling the 2DEG.
oxygen coverage was 2.1Ϯ 0.5 monolayers ͑ML͒, consistent with the amount of Ga present in the Ga bilayer on the starting surface. On surfaces that were prepared by a HF dip followed either by desorption of Ga films deposited at room temperature or by nitrogen-ion bombardment and annealing, a saturation coverage of 0.79Ϯ 1 MLs was found. 20 Similarly, Watkins et al. found that when the Ga adlayer was sublimed, oxidation was controlled by kinetics and limited to less than 1 ML at room temperature. 22 X-ray photoelectron spectroscopy ͑XPS͒ studies on Al 0.4 Ga 0.6 N found surface donor states low in the gap ͑3.0 eV below the CBM͒ accompanied by O 1s peaks. 7, 9 Furthermore, intentional oxidation has been applied to the AlGaN surface resulting in suppression of the 2DEG. 24, 25 Although a number of specific surface reconstructions on oxidized surfaces have been studied by first-principles methods based on density functional theory ͑DFT͒, 23, [26] [27] [28] [29] it remains unclear how oxidation alters the atomic and electronic structure of the nitride surface. Many different surface reconstructions can potentially occur on surfaces oxidized under various chemical conditions; it is therefore very important to identify mechanisms and guidelines that provide insight in the relationship between surface structure, energetics, and resulting surface states. We also note that previous calculations all suffered from the "band-gap problem" inherent in DFT. The underestimation of the band gap renders it impossible to reliably compare the calculated positions of surface states with experiment.
In this paper, we investigate structures and energies of many different reconstructions on oxidized ͑0001͒ surfaces of GaN and AlN. We analyze the results in terms of driving mechanisms-the EC rule and oxide-stoichiometry matching. We are also able to study the electronic structure of the surface, including the position of surface states in the band gap, using a hybrid-functional approach that overcomes the band-gap problem of DFT. The position of occupied surface donor states in the band gap depends strongly on the structure ͑and hence the preparation conditions͒ of the surface. We then discuss which surface structures are most likely to occur under various oxidation conditions. The positions of these surface donor states consistently explain the origin of the 2DEG observed in numerous experiments. 3, 4, 6, 8, 10 
II. METHODS
The calculations are performed using projector augmented wave 30 potentials as implemented in the VASP code. [31] [32] [33] The structures are optimized using the PerdewBurke-Ernzerhof ͑PBE͒ functional. 34 The electronic structure of the most relevant surface reconstructions is then calculated using the Heyd-Scuseria-Ernzerhof ͑HSE͒ hybrid functional. 35, 36 Using 32% and 28% of exact exchange for AlN and GaN, ͑i.e., mixing parameter ␣ = 0.32, and 0.28͒ we obtain band gaps of 6.13 eV and 3.51 eV, respectively. The lattice parameters of the bulk materials obtained by PBE and HSE are found to be in excellent agreement with experimental values, as shown in Table I . The value of the mixing parameter ␣ is not fixed by any a priori arguments, although in practice values around 0.25 have been found to predict properties of molecules and solids in good agreement with experimental results, and ␣ = 0.25 is therefore sometimes used as a "default" value. For the current work, the position of the surface states in the gap is a key issue, because they have strong effects on the electronic properties. As shown in Table I , the band gaps obtained by use of 25% mixing are 0.50 eV and 0.26 eV smaller than the experimental values, whereas ␣ = 0.32 and 0.28 reproduce the experimental gap. Supercell slab models along ͑0001͒ orientation for the surface calculations are constructed based on 4-atom ͓͑2 ϫ 2͔͒ and 6-atom planar cells on ͑0001͒ surface, as shown in Fig. 2 . They contain eight nitride bilayers and an equivalent amount of vacuum. The 6-atom cell matches the unit cell in the c plane of the ␣-and -Al 2 O 3 ͑Ref. 37͒ and Ga 2 O 3 structures. The N DBs on the ͑0001͒ surface at the backside of the slabs are passivated by fractionally charged H atoms with charge 0.75. This passivation removes all surface states, and therefore ensures there is no charge transfer between the two sides of the slabs. Electric fields do appear inside the slab because both AlN and GaN have the wurtzite structure and can sustain polarization fields along the ͑0001͒ direction. In order to obtain the correct position of the surface states in the band gap, we aligned the surfaces states with the bulk states using the macroscopically averaged electrostatic potential along the ͑0001͒ orientation. Investigations of slabs with different thicknesses, in which the electric fields have different magnitudes, have indicated that our results are not affected by the presence of these fields in the slab.
Surface energies ͑⌬E f ͒ are defined as
in which E surf tot and E ideal tot are the total energies of the oxidized and the unreconstructed surfaces, and Al Bulk properties of all these materials are included in Table I . Experimental values are listed for comparison, and illustrate the high quality of our HSE results. For the oxides, the structure was chosen as the reference. 37 However, since no experimental values are available for some of the properties of the structure ͑particularly in the case of Ga 2 O 3 ͒, we also performed calculations for the ␣ structure, which allows for a direct comparison with experiment. Note that for the oxides we used the same HSE mixing parameter as for the corresponding nitride; i.e., for Al 2 O 3 we used 32% of exact exchange, as for AlN; and for Ga 2 O 3 we used 28%, as for GaN. This is to ensure consistency when dealing with structures in which a thin layer of oxide is present on the nitride surface, and the calculation needs to be performed with a single mixing parameter.
III. RESULTS

A. The EC rule
We first establish a general relation between the composition of the surface and the EC rule, 17 which requires that all bonding states and anion DB states are occupied, and all cation DB states are empty. The total number of ͑valence͒ electrons in the oxidized AlN surface region is n e =3n Al +5n N +6n O + n e surf , in which n Al , n N , and n O are the numbers of the Al, N, and O atoms added to ͑positive͒ or subtracted from ͑negative͒ the reference surface, and n e surf the number of surface electrons contributed by Al DB on the reference surface ͑note that all the arguments and definitions apply to GaN as well͒. Because each O or N atom is surrounded by eight electrons that fill the DB and the Al-O or Al-N bond states, the number of electrons that are needed to fill all the bonding states and N and O DB states is n b =8n N +8n O +2n Al-Al , in which n Al-Al denotes the number of Al-Al bonds. The number of electrons that deviate from EC, ␦ = n e − n b is therefore
The formula shows that the contributions from Al and N cancel out if n Al / n N satisfies stoichiometry, i.e., if n Al / n N = 1 for AlN, consistent with the notion that including additional layers of ͑bulklike͒ nitride in the region of interest does not affect the conclusions from EC. Similarly, the contributions from Al and O cancel out if n Al / n O =2/ 3 for Al 2 O 3 , matching stoichiometry in the bulk oxide. For the ͑0001͒ surface, n e surf Ͼ 0. Therefore any structure that matches oxide stoichiometry ͑OS͒ does not satisfy the EC rule. One question then is whether the expected stabilization provided by OS matching ͑Al/O ratio of 2/3 and no Al-Al bonds͒ is sufficient to overcome the energy cost inherent in deviating from EC. We will see that this strongly depends on the oxidation conditions.
B. Surface reconstructions for oxidized surfaces
In the following, we focus on EC-and OS-matching structures with O coverage O varying from less than 1 ML up to 2 ML ͑we use oxygen coverage as our measure of oxide layer thickness͒; a number of structures that deviate from OS and EC were also studied but found to be higher in energy. We base our discussion of structures on AlN/ Al 2 O 3 , but the arguments apply to GaN/ Ga 2 O 3 as well. 
Oxide-stoichiometry-matching structures
OS-matching structures can be formed by adding Al and O layers on the nitride surface in a 2/3 ratio. Such OS structures may display various coordinations and locations of Al atoms; we have focused on the most stable ones by comparing their surface energies. Such OS structures have not been studied before. The 6-atom surface cell depicted in Fig. 2͑b͒ matches the surface structure of the bulk oxides and is, therefore, naturally suited to the study of the OS-matching structures. Relaxed structures of various representative surfaces are shown in Fig. 3 .
The stable structures for 1 ML and 2 ML oxide thickness are depicted in Figs. 3͑a͒ and 3͑b͒, respectively. We can describe these structures as follows. The possible atomic positions correspond to the A, B, and C sites of the hexagonal lattice. Let us assume that the Al and N atoms on the nitride side occupy A and B sites; the O atoms in the oxide layers will then occupy the B sites as well ͑and in the 6-atom cell there are six O atoms sitting right on top of Al atoms; see Figs. 3͑a͒ and 3͑b͒. The Al atoms in the oxide can occupy either A or C sites. In the 1 ML and 2 ML OS structures, four Al atoms are occupying sites ͑labeled "1"͒ in this layer closest to the nitride. We have evaluated the possible ways in which Al atoms can be distributed over these A and C sites and identified the lowest-energy structures. The 2 ML structure has an additional layer of O atoms in B sites, and 4 more Al atoms in the top layer ͑labeled "2"͒. Interestingly, these stable structures differ significantly from the structure of the bulk oxides ͑Al 2 O 3 or Ga 2 O 3 ͒.
For O = 2 ML, the surface can also form a different OS structure which we call a "high-density OS structure" ͑HD-OS͒, in which six Al atoms ͑rather than four͒ sit in between two layers of O atoms and only two Al atoms occupy the top layer ͓Fig. 3͑c͔͒. The HD-OS structure is 0.2 eV/ ͑1 ϫ 1͒ higher in energy than the 2-ML OS structure for AlN, but 0.25 eV lower in energy for GaN. We also checked the HD-OS structure for 3 ML and 4 ML oxide thickness, but found that the energy was systematically higher than that of the OS structure for both AlN and GaN.
Finally, we also constructed an OS structure with O = 0.5 ML by substituting 2 O atoms on N sites in the last layer of the nitride ͑O N ͒ and placing 1 O adatom on top ͑O ad ͒ ͓Fig. 3͑d͔͒.
Electron-counting-rule structures
To identify structures that obey the EC rule, we found that we need to substitute O atoms on N sites in the outermost layer of the nitride. We also found that EC structures with an integer number of oxygen MLs can only be constructed if very large unit cells are used ͑12-atom cells, to be precise; see Sec. II͒. Instead, we focus on structures with 1.25 ML and 2.25 ML oxygen coverage, which can be described in 4-atom ͑2 ϫ 2͒ unit cells.
The O = 1.25 ML structure can be constructed in a ͑2 ϫ 2͒ cell by substituting one O N , and adding a full layer of Al atoms in "atop" positions ͑i.e., right above the Al atoms in the last AlN layer͒ layer plus an O layer ͓Fig. 3͑e͔͒; for simplicity of notation, we refer to this structure as 1 ML EC.
Such a structure was also described in Ref. 23 . Although this structure contains an excess number of Al atoms ͑compared to OS structures͒, it satisfies EC because it contains Al-Al bonds that can reduce the number of excess electrons, as shown by Eq. ͑2͒.
For O = 2.25 ML, we find that the most stable EC structure is a HD structure ͑labeled 2 ML EC͒ that has not been studied before and that can be constructed starting from the FIG. 3 . ͑Color online͒ Selected structures of oxidized AlN ͑GaN͒ ͑0001͒ surfaces that obey either OS or EC, including ͑a͒ 1 ML OS; ͑b͒ 2 ML OS; ͑c͒ 2 ML HD-OS; ͑d͒ 0.5 ML OS; ͑e͒ 1 ML EC; ͑f͒ 2 ML EC; ͑g͒ 0.75 ML EC; ͑h͒ 2 ML HD with 0.25 ML Al͑Ga͒ adatom ͑2ML HD-ad͒; ͑i͒ Al 2 O 3 ͑Ga 2 O 3 ͒ surface. Large gray/blue balls represent Al͑Ga͒; small gray/blue balls N and small dark/red balls O. The numbers 1 and 2 on Al͑Ga͒ atoms refer to the oxide layer in which the atom is positioned, with 1 denoting the oxide layer closest to the nitride. HD-OS structure by removing the Al͑Ga͒ atoms on the top layer and replacing one N in the sublayer by O ͓Fig. 3͑f͔͒.
Additionally, we created an EC structure with O = 0.75 ML by combining 1 O N and 2 O ad in a ͑2 ϫ 2͒ cell ͓Fig. 3͑g͔͒.
In a previous study for GaN, 23 a structure similar to 2 ML HD-OS but with only 1/4 ML of Ga adatoms in the top layer ͑rather than 1/3 ML in the HD-OS structure͒ was found to be favorable over a wide range of Ga chemical potential conditions. This structure is denoted here as the 2 ML HD-ad structure ͑in Ref. 23 it was referred to as the "trilayer + adatom model"͒. The structure is illustrated in Fig. 3͑h͒ . It contains filled cation DB states, which is unexpected and may seem counter to the EC rule; however, the energy of these DBs is lowered due to a change in hybridization so that the Ga DB has mainly s character. This structure will be further discussed in Secs. IV A and V B 1.
C. Energetics of oxidized surfaces
Results for ⌬E f of OS and EC structures as a function of the chemical potentials of Al and O are presented in Figs. 4 for AlN and 5 for GaN. Again, we direct our general discussion to AlN/ Al 2 O 3 , and will distinguish only in those cases where the two materials systems behave differently. Panels ͑a͒ and ͑c͒ show the dependence on Al chemical potential, which is allowed to vary over the range corresponding to equilibrium with AlN; Al-rich conditions are on the right, Al-poor on the left. In panel ͑a͒, the oxygen chemical potential was chosen to be O = −1 eV. This would correspond, for instance, to conditions of thermal equilibrium with a gas at a pressure of 1 atm and a temperature of 890 K. For purposes of our discussion, the precise value of the chemical potential is not crucial; the chosen value is intended to represent conditions where oxidation occurs by exposure to oxygen. In panel ͑c͒, the oxygen chemical potential was chosen to correspond to equilibrium with Al 2 O 3 ; this would be a situation in which intentional deposition of Al 2 O 3 occurs, for which a flux of Al would also need to be provided.
Panels ͑b͒ and ͑d͒ show the dependence on O chemical potential, which is allowed to vary over a wide range. Equilibrium with Al 2 O 3 is indicated by the vertical dashed line. Panel ͑b͒ corresponds to Al-poor, panel ͑d͒ to Al-rich conditions; these would be the extreme Al values in thermal equilibrium. Some of the scenarios we will address below are far from equilibrium; still, the variation between panels ͑b͒ and ͑d͒ will prove informative.
IV. ELECTRONIC STRUCTURE
A. Density of surface states
In this section we examine the electronic structure of the various structures that have been identified to be energetically stable. The density of states ͑DOS͒ for each of the relevant structures, calculated using the HSE hybrid functional, is shown in Figs. 6 and 7. Also included in these figures are the DOS for prevalent bare surfaces ͑i.e., just Al and N, no O͒ For the bare surface, the reconstruction that prevails under modestly cation-rich conditions has an Al͑Ga͒ adatom in a 2 ϫ 2 unit cell and has Al DB states in the upper half of the gap, which are unoccupied in accordance with the EC rule. 14, 16 This reconstruction also produces occupied states in the middle of the gap, arising from cation-cation bonding states. The laterally contracted bilayer ͑LCB͒ structure, 54 which occurs under highly cation-rich conditions, shows a metallic state with a Fermi level just above midgap. As already mentioned in the introduction, the surface reconstructions on the bare surfaces result in Fermi levels that are too low in the band gap to be consistent with the source of the experimentally observed 2DEG. 3, 8 For the 2 ML HD-ad structure, our calculations using the HSE functional show the DB states to be located at 0.7 eV above the valence-band maximum ͑VBM͒ for GaN and 2.9 eV in AlN. Previous calculations using the local density approximation found the DB state at 0.1 eV above the VBM in GaN. 23 This illustrates that the underestimation of the band gap in calculations using the local density approximation makes it very difficult to reliably predict the position of surface states. On the basis of their result, the authors of Ref. 23 argued that the 2 ML HD-ad structure could explain the observations of a gap that was essentially clean of surface states on a highly ordered oxidized GaN surface. This conclusion seems hard to maintain if the actual position of the surface states is at 0.7 eV above the VBM.
B. Occupied surface states acting as donors
Intuitively, one expects that adding oxygen to the surface will provide a means of pouring electrons into surface states that would normally be unoccupied on the bare surfaces, since oxygen acts as a donor. ͑Oxygen behaves as a DX center in AlGaN, 55 19, 20, 22, 23 In Sec. V, we will discuss which among these structures are more likely to occur under specific oxidation conditions. Not all surface reconstructions involving oxygen lead to occupied states in the upper part of the gap. In particular, as shown in Figs. 6 and 7, the EC structures do not have any occupied surface donor state in the upper half of the gap. This of course consistent with the EC rule, which is formulated to avoid placing electrons in states that have high energies within the band gap. In contrast, all the OS structures do give rise to surface donor states in the upper part of the band gap.
By way of summary, the positions of the Fermi levels, i.e., the highest occupied state, for all of the relevant structures are given in Table II . The levels are referenced to the CBM in order to facilitate comparison with measurements of surface barrier heights.
The surface states in the upper part of the band gap invariably arise due to cation DBs. One may wonder, then, why there is so much variability in the energetic position of these states ͑see Figs. 6 and 7͒. The answer lies in the strong interactions that can occur between these DBs. When the Al DBs are fairly isolated from one another, the dispersion of the corresponding surface states is small and the energy of the surface state will closely reflect the position of a single DB state in the gap. But for some of the surface structures the DBs are closer together, leading to stronger interactions and greater dispersion. Greater interactions between the cation DBs will lead to the occurrence of surface states at lower energies within the band gap. These points are illustrated in Fig. 8 , which shows isosurfaces of the highest occupied surface states for a low-interaction versus a high-interaction case. In Sec. IV, we will see how this may manifest itself in variations of surface barrier heights on HEMTs.
C. Oxide surfaces
Finally, we have also calculated the electronic structure of the ͑001͒ surface of -Al 2 O 3 and -Ga 2 O 3 . The stable termination of the surface is in the middle of an Al͑Ga͒ layer, as suggested by Ruberto et al. 37 In agreement with those authors, we find that after relaxation the Al͑Ga͒ atoms in the top layer shift below the O layer, resulting in an O-terminated surface ͓Fig. 3͑i͔͒. In Figs. 6 and 7, we lined up the band structures of Al 2 O 3 and Ga 2 O 3 with those of the respective nitride. In order to determine the alignment we have followed a procedure outlined in Ref. 56 by performing surface calculations and determining band positions with respect to the vacuum level. For AlN, the oxide-related occupied surface states extend to 0.8 eV above the AlN VBM, and the unoccupied surface states to 3.7 eV below the AlN CBM. For GaN, the oxide-related occupied surface states extend to 0.2 eV above the GaN VBM, and the unoccupied surface states to 2.9 eV below the GaN CBM.
V. DISCUSSION
A. Structure and energetics
Equilibrium with Al 2 O 3 and Ga 2 O 3
The plots of surface energies as a function of chemical potentials in Figs. 4 be easily overcome, and in the presence of reservoirs of Al͑Ga͒, N, and O that would set the chemical potential values. Closest to these conditions would be the intentional deposition of oxide under near-equilibrium conditions in the presence of fluxes of Al͑Ga͒ and O ͓Figs. 4͑c͒ and 5͑c͔͒. Still, the oxide would be deposited on an as-grown surface, which would limit the supply of any N atoms that might be needed to form the most favorable structures. Our diagrams of course only consider very thin layers of oxide ͑up to 2 ML͒ and do not address the issue of interfacial structure when a thick oxide would be deposited.
There are a few other features of Figs. 4͑c͒ and 5͑c͒ that are worth commenting on. Since equilibrium with Al 2 O 3 ͑Ga 2 O 3 ͒ is assumed, the surface energies of OS structures do not vary with Al͑Ga͒ and hence the OS structures appear as horizontal lines. Focusing our attention on the EC structures, we see that different structures ͓with different Al͑Ga͒/O ratios͔ give rise to energies that either increase or decrease with Al͑Ga͒ , which indicates that the structures can be either on the Al-rich or on the Al-poor side of perfect OS. In the Al-rich structures, the presence of Al-Al bonds is necessary to absorb the excess electrons ͓see Eq. ͑2͔͒.
Realistic oxidation conditions
Figures 4͑a͒ and 5͑a͒ allow us to comment on conditions where the oxygen chemical potential is fairly high. This will, in fact, be the case under conditions of intentional oxidation and even unintentional oxidation due to exposure to air. Assuming a pressure of 1 atm, we find the following representative values for the chemical potential of oxygen O in an O 2 gas at temperature T ͑from Ref. 57͒: Ϫ0.32 eV at T = 300 K, Ϫ1.14 eV at T = 1000 K, and Ϫ1.40 eV at T = 1200 K.
Figures 4͑b͒, 4͑d͒, 5͑b͒, and 5͑d͒ show the dependence of surface energies on oxygen chemical potential, under either cation-poor or cation-rich conditions. Vertical lines in these plots indicate equilibrium with Al 2 O 3 or Ga 2 O 3 , which clearly corresponds to much lower values of O . Under conditions where an as-grown nitride surface is exposed to oxygen, the oxide will form, but it is not appropriate to impose the condition of equilibrium with the oxide, since the supply of Al͑Ga͒ is limited to those atoms that are available on the as-grown surface; i.e., there is no reservoir of cations available that would allow establishing equilibrium conditions, and therefore O will be set by the environmental conditions. The specific examples for O given above are representative of such conditions, and we will now see that we can draw conclusions based on Figs. 4͑a͒ and 5͑a͒ that are not very sensitive to the precise value of O .
Figures 4͑a͒ and 5͑a͒ show that for O = −1 eV, the 2 ML EC structure has by far the lowest energy. Figures 4͑b͒,  4͑d͒ , 5͑b͒, and 5͑d͒ show that this conclusion holds over quite a large range of oxygen chemical potentials. In addition, the trends of the various energies in Figs. 4͑a͒ and 5͑a͒ are clearly such that our conclusion would still stand if the Al͑Ga͒ chemical potentials would be somewhat outside the range determined by equilibrium with AlN͑GaN͒.
One can of course question whether any kinetic limitations exist to the formation of this structure. For instance, there could be kinetic barriers related to the dissocation of O 2 molecules on the nitride surface. In fact, we believe it is fair to assume that O 2 is in equilibrium with O adsorbed on the surface, i.e., that O 2 dissociation is not rate-limiting, based on the fact that O binds very strongly on the surfaces of interest, which has been shown to result in low or no activation barriers for O 2 dissociation. 58 In addition, the 2 ML EC structure includes oxygen atoms substituting on N sites, and one may question whether such exchange reactions can take place at the temperatures of interest. Even though we have not explicitly addressed kinetics, our calculations have provided strong indications that this would indeed be possible. In the course of relaxing structures in which O is present on the nitride surface, we have observed that subsurface nitrogen atoms have a tendency to be displaced from their nominal lattice sites. This could be considered to be a first step toward oxygen being inserted on those sites.
We also note that, even if oxygen substitution on N sites would be suppressed, it is still possible to form 2 ML EC structures by using Al adatoms rather than O N . Indeed, Eq.
͑2͒ shows that the contribution of O N to the electron count ␦ amounts to 1 electron, since n O = 1 and n N = −1. The same could be accomplished by having 1/3 n Al . Since only integer numbers of atoms are allowed, the unit cell would need to be tripled; i.e., instead of the 4-atom cell in which our 2 ML EC structure was formed, we would need a 12-atom cell with one additional Al adatom on the surface.
The occurrence of the 2 ML structures is of course highly plausible if the starting surface has the LCB reconstruction, consisting of ϳ2 ML of Ga. For starting surfaces that are different from this surface, or that have been treated differently, structures with fewer than 2 MLs of oxide may prevail. Some comments on this issue are included in the next section.
B. Electronic structure
Stable structures
The 2 ML HD-ad structure was previously proposed as an explanation for the observations of a band gap essentially clean of surface states on a highly ordered oxidized GaN surface. 23 Those previous calculations were based on DFT in the local density approximation, in which a severe underestimation of the band gap occurs. Our hybrid functional calculations for the 2 ML HD-ad structure produce occupied DB states in the band gap at 0.7 eV and 2.9 eV above the VBM for GaN and AlN, as well as unoccupied states in the upper part of the gap ͑see Figs. 6 and 7͒, and hence we feel this structure is not consistent with observations of an absence of surface states in the gap. In addition, we find that among the 2 ML structures, the 2 ML HD-ad structure never has the lowest energy, for any of the chemical-potential conditions considered in Figs. 4 and 5. In contrast, the 2 ML EC structures are systematically lower in energy and exhibit occupied surface states that are closer to the band edges than in the 2 ML HD-ad structure. We therefore suggest that the observed highly ordered oxidized GaN surfaces 23 correspond to the 2 ML EC structure.
In Sec. II, we argued that the 2 ML EC structure is most likely to occur under realistic oxidation conditions. Out of all our structures ͑Figs. 6 and 7͒, the 2 ML EC structure is the one that has the lowest density of surface states within the band gap. The occupied surface states have oxygen-DB character and are 0.2 ͑1.1͒ eV above the VBM for GaN͑AlN͒, while the unoccupied states have low density and are close to the CBM ͑within 0.7 eV for GaN and within 1 eV for AlN͒. On n-type GaN, these surface states would pin the Fermi level. Dong et al. 23 found that on the ordered oxidized surface the Fermi level was pinned close to the CBM, indicating either an absence of any surface states or a position of the surface states close to the CBM. We have investigated the character of the unoccupied surface states and found them to be antibonding states surrounding the O N substitutional oxygen atoms. Since O N acts as a good shallow donor in GaN, the occurrence of such states at first seemed puzzling; however, an examination of bond lengths indicated that the states are most likely strain-induced: the HD oxide layer on the surface induces a tensile strain in the substrate, which manifests itself in the vicinity of the O N site. We speculate that on realistic oxidized surfaces this strain may be relieved, either due to the formation of extended defects or possibly at step edges. The removal of the strain would shift the unoccupied FIG. 8 . ͑Color online͒ Wave functions associated with highest occupied surface states for two structures with different amounts of interaction between cation DBs, superimposed on ball-and-stick models of the atomic structure. Ga atoms are gray, N blue, and O red. Isosurfaces of the charge density associated with the relevant surface states are shown in yellow. ͑a͒ 2ML HD-OS structure, in which the Ga DBs are fairly isolated, leading to small dispersion and a high energy in the band gap. ͑b͒ 1 ML OS structure, in which strong interactions are present, leading to large dispersion and a lowering of the energy of the highest occupied state.
surface states of the 2 ML EC surface toward the CBM, consistent with the Fermi-level-pinning position observed by Dong et al. 23 
Origin of donor states
Our arguments in Sec. V B 1 indicate that structures that will be largely free of surface states will be present over the majority of the surface. Next, we turn to the origin of the surface donor states that have been argued to be the source of the 2DEG in nitride HEMTs. We note that the quoted areal density of these states is on the order of 10 13 cm −2 , 8 i.e., on the order of 1% or less of the areal density of atoms on the surface. Consistency with experimental observations would not be achieved if the structure of the surface were such that the prevailing reconstruction would give rise to occupied donor states in the upper half of the gap; the density of such states would be much too high.
However, it would also be unrealistic to expect that oxidation only gives rise to the high-quality EC structures. Kinetic limitations may occur; this might manifest itself in a suppression of oxygen substitution on N sites, giving rise to structures of the OS type. An alternative way of looking at this might be that some areas of the surface might effectively see a lower oxygen chemical potential, and Figs. 4 and 5 clearly show that under such conditions the 2 ML OS and 2 ML HD-OS structures become closer in energy to the 2 ML EC structure. And both those OS structures give rise to occupied surface states in the upper part of the band gap, i.e., acting as surface donors. Figure 9 is helpful in discussing the correlation between our calculated surface donor states and the experimentally observed surface barrier heights. We have taken the highest occupied surface states for the various relevant oxidized surface structures from Figs. 6 and 7, and performed linear interpolation. The valence-band maxima of AlN and GaN have been aligned according to Ref. 59 , and band-gap bowing, which is modest in AlGaN, 59 is neglected.
Comparison with experimental observations of surface states
The plus sign in Fig. 9 marks the experimental result of Onojima et al., 9 who performed XPS measurements on Al 0.4 Ga 0.6 N samples that were oxidized at high temperature after removal of excess Ga by sublimation, 60 presumably resulting in an ordered surface with an oxide coverage less than 2 ML. They found the Fermi level to be located about 3 eV below the CBM. We suggest that this observation may be explained by the presence of a 1 ML EC surface structure, as evident from Fig. 9 .
Dong et al. 19 exposed an as-grown Ga-bilayer-covered GaN ͑0001͒ surface to oxygen at room temperature, and found that a disordered oxide formed with an oxide coverage of about 2.1 ML. This is consistent with our assumption ͑Sec. II͒ that O 2 can readily dissociate on the GaN surface, with subsequent formation of an oxide that would be about 2 ML thick. For this surface, scanning tunneling spectroscopy ͑STS͒ revealed a high density of surface states within the band gap. In Ref. 23 , these were interpreted as tail states extending from the band edges of an amorphous oxide. We consider it unlikely that the oxide quality would be so poor as to give rise to such a high density of tail states. As an alternative explanation, we suggest that due to kinetic limitations at room temperature various competing structures ͑2 ML OS, 2 ML HD-OS, 2 ML HD-ad,…͒ will form that, in aggregate, will give rise to a distribution of surface states throughout the gap. The DOS curves in Figs. 6 and 7 show that the distribution of these gap states is such that a higher density occurs closer to the band edges, consistent with the experimental observations. 
Surface donors on HEMT structures and relation to surface barrier heights
We now turn to the issue of explaining the source of electrons in the 2DEG in terms of surface donor states. The model proposed by Ibbetson et al. 3 ͑and illustrated in Fig. 1͒ qualitatively explains the fact that a minimum AlGaN barrier layer thickness needs to be exceeded before electrons from surface donor states can start filling the 2DEG. If the areal density of surface donor states is high ͑compared to the density of electrons in the 2DEG͒, the Fermi level will move only slightly as electrons are transferred from the surface to the 2DEG, and we expect the surface barrier height e B to be constant. This is indeed what has been observed in a number of experimental studies. 3, 4, 6 Conversely, if the density of surface donor states is low ͑i.e., comparable in magnitude to the density of electrons that can be accommodated in the 2DEG, i.e., up to 2 ϫ 10 13 cm −2 ͒, then noticeable depletion of the surface donors will occur, causing the Fermi level to move downward with respect to the VBM; i.e., e B will increase, as first noted by Koley and Spencer. 8 Within our model for surface donors described in Sec. II, the difference between fixed and variable surface barrier heights can then be attributed to a different density of surface donors: high density giving rise to a fixed barrier height, and lower densities to variable barrier heights. These different densities, in turn, would be attributable to different growth, surface preparation, processing, or annealing conditions. Upon closer inspection, however, there is an aspect of the experimental observations that still remains to be explained. Experiments consistent with fixed barrier heights 3, 4, 6 have reported values of e B around ϳ1.7 eV. When variable surface barrier heights are observed, 8, 10 however, the initial value of e B ͑i.e., at the onset of formation of the 2DEG͒ is only about 1.1 eV. If the only difference resided in the density of surface donor states, the e B value at the onset of 2DEG formation ͑which corresponds to the highest occupied surface state͒ should be the same. This indicates that there is a difference not only in the density but also in the nature of the surface donor states.
In fact, such a difference is highly plausible, and we have already addressed it in Sec. IV B: the surface donor states in the upper part of the band gap are related to cation DB states. When the cation DB density is low ͑which one would expect if the overall density of surface states is low͒, the surface donor states occur at high energy; hence the highest occupied surface state will occur high in the gap and e B will be low, as observed at the onset of 2DEG formation in cases with variable surface barrier height. Conversely, when the cation DB density is high ͑which one would expect if the overall density of surface states is high͒, the surface donor states display large dispersion; hence the highest occupied surface state will occur lower in the gap and e B will have a higher value, as observed in cases with fixed surface barrier height.
VI. SUMMARY
We have reported comprehensive calculations for oxidecovered GaN and AlN ͑0001͒ surfaces, for oxygen coverages up to 2.25 ML. The driving forces for formation of particular structures have been analyzed in terms of two mechanisms: OS and EC. We have discussed how specific oxidation conditions are likely to give rise to particular structures. The electronic structure of these surfaces has been studied using the hybrid functional methodology, which produces accurate band gaps and hence allows direct comparison with experiment. Based on our results, we have proposed microscopic explanations for the surface states observed in XPS and STS, and for the surface donor states that are the source of the 2DEG in nitride-based HEMTs.
